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�
 ABSTRACT 

Purpose: Co-mutations of the Kirsten rat sarcoma virus (KRAS) 
and serine/threonine kinase 11 (STK11) genes in advanced non–small 
cell lung cancer (NSCLC) are associated with immune checkpoint 
blockade (ICB) resistance. Although neoadjuvant chemo-
immunotherapy is now a standard-of-care treatment for resectable 
NSCLC, the clinical and immunologic impacts of KRAS and STK11 
co-mutations in this setting are unknown. 

Experimental Design: We evaluated and compared recurrence- 
free survival of resectable KRAS-mutated NSCLC tumors, with or 
without co-occurring STK11 mutations, treated with neoadjuvant 
ICB. Single-cell transcriptomics was performed on tumor- 
infiltrating T cells from seven KRASmut/STK11wt tumors and six 
KRAS and STK11 co-mutated (KRASmut/STK11mut) tumors. 

Results: Relative to KRASmut/STK11wt tumors, KRASmut/ 
STK11mut exhibited significantly higher recurrence risk. Single- 

cell transcriptomics showed enhanced oxidative phosphorylation 
with evidence of decreased prostaglandin E2 signaling and in-
creased IL-2 signaling in CD8+ tumor-infiltrating lymphocytes 
(TIL) from KRASmut/STK11mut tumors, a finding that was mir-
rored in KRASwt tumors that relapsed. TILs from KRASmut/ 
STK11mut tumors expressed high levels of molecules associated 
with tumor residence, including CD39 and ZNF683 (HOBIT). 

Conclusions: These divergent T-cell transcriptional fates suggest 
that T-cell maintenance and residence may be detrimental to anti-
tumor immunity in the context of neoadjuvant ICB for resectable 
NSCLC, regardless of KRAS mutation status. Our work provides a 
basis for future investigations into the mechanisms underpinning 
prostaglandin E2 signaling and IL-2 signaling as they relate to T-cell 
immunity to cancer and to divergent clinical outcomes in KRASmut/ 
STK11mut NSCLC treated with neoadjuvant ICB. 

Introduction 
Neoadjuvant or perioperative chemoimmunotherapy is standard 

of care for the management of resectable non–small cell lung cancer 
(NSCLC; refs. 1–3). Response to neoadjuvant immune checkpoint 
blockade (ICB) can be assessed at the time of resection by quanti-
fying the pathologic regression of tumor and using standardized 
thresholds for pathologic complete response (pCR) and major 
pathologic response (MPR; ref. 4), which have been associated with 

improved event-free survival in lung cancer (5). Further investiga-
tion and refinement of biomarkers predictive of response and 
clinical outcomes with neoadjuvant ICB are needed to help guide 
subsequent treatment postoperatively. 

The Kirsten rat sarcoma virus (KRAS) gene has activated muta-
tions in 40% of NSCLC, making it the most commonly mutated 
oncogenic driver gene in this cancer. Tumors with these mutations 
have heterogeneous response patterns to anti–PD-1–directed regi-
mens in the advanced disease setting (6), despite an association with 
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smoke exposure, positive PD-L1 expression, and high tumor mu-
tational burden (TMB) (7), which are all features that have been 
independently associated with a favorable response to ICB (8, 9). 
This difference in outcomes seems to be partly associated with the 
presence or absence of key co-occurring alterations (10), such as 
serine/threonine kinase 11 (STK11) and Kelch-like erythroid-derived 
cap’n’collar homolog (ECH)-associated protein 1 (KEAP1). Bulk 
RNA sequencing (RNA-seq) suggested that KRAS and STK11 co- 
mutated (KRASmut/STK11mut) tumors have alterations in their 
tumor immune microenvironment (TME) relative to KRASmut/ 
STK11wt NSCLC, which could contribute to the differential response 
patterns to PD-1 therapy. However, this association has yet to be 
evaluated in the resectable disease setting. 

Our group has previously demonstrated differential transcrip-
tional features of tumor-reactive CD8+ tumor-infiltrating lympho-
cytes (TIL) and highlighted transcriptional differences in tumor- 
reactive CD8+ TILs based on the extent of pathologic response to 
neoadjuvant PD-1 blockade in resectable NSCLC (11). However, 
characterization of TIL function based on clinically relevant geno-
mic subgroups as it relates to clinical outcome following neo-
adjuvant PD-1 therapy has not been previously described. 

In order to glean potential effects of the KRASmut/STK11mut co- 
mutation on T-cell transcriptional programs within the tumor, we 
performed an integrated clinical and single-cell RNA-seq analysis of 
TILs from patients with resectable stage I–III KRAS-mutant NSCLC 
enrolled in a phase I/II, multiarm clinical trial (NCT02259621) 
treated with neoadjuvant ICB-based therapies. Among patients with 
KRAS-mutant disease, despite relative equivalent rates of MPR re-
gardless of the co-mutation status with STK11, we noted increased 
recurrence risk in patients with KRASmut/STK11mut disease. Fur-
thermore, single-cell transcriptional analysis of tumor-infiltrating 
CD8+ TILs from available resection specimens revealed distinctive 
transcriptional profiles based on STK11 co-mutation status. In-
creased expression of genes encoding canonical cytolytic effector 
molecules was accompanied by increased expression of T-cell 
checkpoints and molecules associated with tissue residence in CD8+ 

TILs from KRASmut/STK11mut tumors, whereas CD8+ TILs from 
KRASmut/STK11wt tumors exhibited features associated with pro-
liferative potential and, surprisingly, demonstrated expression pro-
files consistent with prostaglandin E2 (PGE2) signaling and 
downregulation of IL-2 signaling. These findings suggest that STK11 
mutations in KRASmut lung cancers may negatively impact clinical 
outcomes to neoadjuvant ICB via promotion of chronic T-cell 
stimulation and tissue residence. 

Materials and Methods 
Patient selection and eligibility 

This study was performed in accordance with the Declaration of 
Helsinki and was approved by the Johns Hopkins University 

Institutional Review Board and the US Department of Health and 
Human Services. This was a retrospective, exploratory analysis of 
patients enrolled on a multicohort, multi-institution, phase I/II 
clinical trial (NCT02259621) conducted at Johns Hopkins Univer-
sity, Memorial Sloan Kettering Cancer Center, and McGill Uni-
versity. Eligible patients, including those of ≥18 years of age, with 
untreated, resectable stage I (>4 cm)–III NSCLC, per seventh edi-
tion American Joint Committee on Cancer, were sequentially 
assigned to three different neoadjuvant treatment regimens. Addi-
tional eligibility criteria have been previously described (12–14). 

Treatment procedures 
Enrolled patients were assigned to three different neoadjuvant 

ICB-based treatment regimens before undergoing preplanned de-
finitive resection. Cohort 1 received preoperative nivolumab mon-
otherapy followed by preplanned resection within 24 days from the 
last dose of systemic therapy. Of note, an initial nivolumab mono-
therapy cohort (n ¼ 21) received two preoperative cycles of nivo-
lumab (3 mg/kg every 2 weeks) followed by a later expansion of 
16 patients who received three preoperative cycles of nivolumab 
(240 mg every 2 weeks). Cohort 2 received nivolumab (3 mg/kg) 
together with ipilimumab 1 mg/kg intravenously approximately 
6 weeks prior to planned resection, followed by two additional doses 
of nivolumab 3 mg/kg given at approximately 4 and 2 weeks pre-
operatively. Cohort 3 received nivolumab (360 mg every 3 weeks) 
combined with carboplatin (AUC 5 or 6 every 3 weeks) and pacli-
taxel (175–200 mg/m2 every 3 weeks) for three preoperative cycles 
before undergoing preplanned surgical resection within 6 weeks of 
completing systemic therapy (Supplementary Fig. S2A). Standard- 
of-care adjuvant therapy options, including postoperative radio-
therapy and/or chemotherapy, were allowed and offered per the 
provider’s discretion. 

Clinical endpoints and biomarkers 
Primary endpoints for cohorts 1 and 2 were safety and feasibility. 

The primary endpoint for cohort 3 was the rate of pCR for patients 
who underwent definitive resection. This secondary analysis aimed 
to explore pathologic, clinical, and immunologic responses among 
key genomic subgroups within this multicohort trial that were 
treated with various ICB-based neoadjuvant regimens (Supple-
mentary Fig. S2B). 

Key pathologic endpoints in this analysis were the rate of insti-
tutionally assessed pCR and MPR, defined as 0% and ≤10% residual 
viable tumor, respectively, for all patients who underwent definitive 
resection (4). A key clinical endpoint included relapse-free survival 
(RFS) for patients who underwent definitive resection, measured 
from the time of surgery to the date of recurrence or last follow-up. 
Overall survival (OS) was measured from the date of first neo-
adjuvant treatment to the date of death or last follow-up for all 
treated patients. Definitive resection was defined as completed 
surgical resection without positive margins (R0 resection). 

Somatic tumor genomic alterations were reported from all 
available pretreatment specimens using either targeted gene panels 
or whole-exome sequencing. For the purposes of this analysis, pa-
tients with KRAS, EGFR, MET exon 14 skipping, BRAFV600E, ALK, 
HER2, ROS1, RET, or NTRK alterations were categorized as having 
oncogene-driven NSCLC. Additional prognostic genomic markers, 
including STK11, KEAP1, and TP53, were recorded. An exploratory 
analysis was performed to evaluate associations of key genomic 
subgroups and pathologic or clinical outcomes. 

Translational Relevance 
This report represents an early, in-depth clinical and immu-

nologic analysis of resectable KRAS-mutant NSCLC treated with 
neoadjuvant ICB. We show a preliminary signal of divergent 
clinical outcomes based on the STK11 co-mutation status as well 
as distinctive phenotypic and metabolic profiles of CD8+ TILs 
that may underlie these clinical outcomes. 
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IHC was performed for pretreatment tumor PD-L1 evaluation. 
PD-L1 staining was performed on formalin-fixed, paraffin- 
embedded tissue sections using the Dako PD-L1 IHC 28– 
8 pharmDx assay. Samples were considered PD-L1+ if ≥1% of tumor 
cells showed membranous PD-L1 expression. 

Statistical analysis of clinical data 
Proportions are reported with exact 95% binomial confidence 

intervals (CI). Binomial probabilities are compared using the χ2 or 
Fisher exact test. The Freeman–Halton extension of the Fisher exact 
probability test was utilized for a 2 � 3 contingency table when 
evaluating the impact of treatment type on pathologic response. 
Factors associated with pCR and MPR were selected based on 
univariate and multivariate logistic regression analyses. OS, RFS, 
and median follow-up are reported using the Kaplan–Meier and 
reverse Kaplan–Meier methods. Comparisons are made using the 
Cox proportional hazards regression model. All P values reported 
are two-sided, and the significance level was set at 0.05 for all an-
alyses. Statistical analyses were performed using R version 4.1.3. 

Sample processing 
After acquiring written informed consent, peripheral blood 

mononuclear cells and resected tissues were obtained from patients 
undergoing surgical resection. Tissues were enzymatically digested 
and viably frozen. If available, normal adjacent lung, lymph nodes, 
and metastases were also digested and frozen down after surgery. 

Single-cell T-cell receptor sequencing/RNA-seq 
These methods have been published in detail previously (11). In 

brief, cryobanked T cells were thawed and washed twice with pre-
warmed RPMI with 20% FBS and gentamicin. Cells were resus-
pended in PBS and incubated with Fc block for 15 minutes on ice. 
Surface staining with antibody against CD3 (BV421, clone SK7; 
RRID: AB_2870486 or APC, clone SK7; RRID: AB_2833003) was 
performed for 30 minutes on ice. Viability was stained using LIVE/ 
DEAD Fixable Near-IR (Thermo Fisher Scientific) or propidium 
iodide according to the manufacturer’s protocol. After staining, 
highly viable CD3+ T cells were sorted into 0.04% BSA in PBS using 
a BD FACSAria II cell sorter or MoFlo XDP sorter. Sorted cells were 
manually counted using a hemocytometer and prepared at the de-
sired cell concentration (1,000 cells/μL) when possible. The Single- 
Cell 50 V(D)J and 50 digital gene expression (DGE) kits (10� Ge-
nomics) were used to capture immune repertoire information and 
gene expression from the same cell in an emulsion-based protocol at 
the single-cell level. Cells and barcoded gel beads were partitioned 
into nanoliter-scale droplets using the 10� Genomics Chromium 
platform to partition up to 10,000 cells per sample followed by RNA 
capture and cell-barcoded cDNA synthesis using the manufacturer’s 
standard protocols. Libraries were generated and sequenced on an 
Illumina NovaSeq instrument using 2 � 150-bp paired end se-
quencing. The 50 VDJ libraries were sequenced to a depth of 
∼5,000 reads per cell, for a total of 5 million to 25 million reads. The 
50 DGE libraries were sequenced to a target depth of ∼50,000 reads 
per cell. 

Single-cell data processing and quality control 
Cell Ranger v7.1.0 was used to demultiplex the FASTQ reads, 

align them to the GRCh38 human transcriptome, and extract their 
cell and unique molecular identifier barcodes. The output of this 
pipeline is a DGE matrix for each sample, which records the number 
of unique molecular identifiers for each gene that are associated 

with each cell barcode. The quality of cells was then assessed based 
on (i) the number of genes detected per cell and (ii) the proportion 
of mitochondrial gene/ribosomal gene counts. Low-quality cells 
were filtered if the number of detected genes was below 250 or above 
3� the median absolute deviation away from the median gene 
number of all cells. Cells were filtered out if the proportion of 
mitochondrial gene counts was higher than 10% or the proportion 
of ribosomal genes was less than 10%. A table outlining the cells that 
passed these quality control cutoffs at both patient and sample levels 
can be found in Supplementary Table S3. For single-cell VDJ se-
quencing, only cells with full-length sequences were retained. 
Dissociation/stress-associated genes, mitochondrial genes (anno-
tated with the prefix “MT-”), high-abundance long intergenic non- 
coding RNA (lincRNA) genes, genes linked with poorly supported 
transcriptional models (annotated with the prefix “RP-”), and T-cell 
receptor (TCR; TR) genes (TRA/TRB/TRD/TRG, to avoid clonotype 
bias) were removed from further analysis. In addition, genes that 
were expressed in less than five cells were excluded. 

Single-cell data integration and clustering 
Seurat (5.0.1) was used to normalize the raw count data, identify 

highly variable features and scale features, and integrate samples. 
Principal component analysis (PCA) was performed based on the 
3,000 most variable features identified using the vst method 
implemented in Seurat. Gene features associated with type I IFN 
response, immunoglobulin genes, and specific mitochondrion- 
related genes were excluded from clustering to avoid cell subsets 
driven by the above genes. Dimension reduction was done using the 
Run Uniform Manifold Approximation and Projection function. 
Cell markers were identified using a two-sided Wilcoxon rank-sum 
test. Genes with adjusted P < 0.05 were retained. Clusters were 
labeled based on the expression of the top differential gene in each 
cluster as well as canonical immune cell markers. Global clustering 
on all CD3 T cells and refined clustering on CD8 T cells were 
performed using the same procedure. A stringent CD8A cutoff of 
1.5 was set based upon expression of each T-cell subtype within the 
CD3 clustering; this was done to ensure that the refined clustering 
only included bona fide CD8 TILs. 

Single-cell subset pseudobulk gene expression analysis 
PCA was performed on a standardized pseudobulk gene ex-

pression profile, in which each feature was standardized to have a 
mean of zero and unit variance. In the global CD3 PCA, we ag-
gregated read counts across cells within each sample to produce a 
pseudobulk expression profile and normalized these pseudobulk 
expression profiles across samples by library size. The ComBat 
function in the sva R package was applied to address potential batch 
effects on the normalized pseudobulk profile. Highly variable genes 
(HVG) were selected for each cell cluster by fitting a locally 
weighted scatterplot smoothing regression of SD against the mean 
for each gene and identifying genes with positive residuals. For each 
sample, all cell clusters were then concatenated by retaining each 
cluster’s HVGs to construct a concatenated gene expression vector 
consisting of all highly variable features identified from different cell 
clusters. Each element in this vector represents the pseudobulk 
expression of an HVG in a cell cluster. Samples were embedded into 
the PCA space based on these concatenated gene expression vectors. 
Canonical correlation between the first two principal components 
(PC1 and PC2) and a covariate of interest (STK11 co-mutation 
status or recurrence status) was calculated. The permutation test was 
used to assess the significance by randomly permuting the sample 
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labels 10,000 times. The P value was calculated as the number of 
permutations of 10,000 permutations that produce a likelihood ratio 
larger than the observed one, without correction for multiple 
comparisons. 

Differential gene expression profiling 
The gene expression read counts were adjusted by library size. 

SAVER was used to impute dropouts by borrowing information 
across similar genes and cells. A linear mixed-effect model was 
constructed to identify genes that are significantly differential based 
on co-mutation status (KRASmut/STK11mut vs. KRASmut/STK11wt) 
among CD8+ TILs, using the raisin R package. The Benjamini- 
Hochberg procedure was used to adjust the P values for multiple 
testing, and the statistical significance was determined using a cutoff 
of FDR <0.05. Individual genes were queried within the imputation 
gene matrix based upon these findings. 

Gene score generation 
To characterize the phenotype of NSCLC TILs, the checkpoints, 

CTLA4, PDCD1, LAG3, HAVCR2, TIGIT, and ENTPD1, were used 
to compute the T-cell checkpoint score (11). The cytotoxicity score 
[perforin 1 (PRF1), IFNG, FASLG, GZMA, GZMB, GZMH, GZMK, 
and GNLY] and memory score (IL-7R, SELL, CCR7, CD28, and 
TCF7) were also previously published (15). In addition, gene sets 
previously described within Fernández-Garćıa and colleagues (16) 
for aerobic glycolysis and oxidative phosphorylation (OXPHOS) 
were converted from mouse to human. Additionally, we utilized the 
Reactome pathways taken from MSigDB (https://www.gsea-msigdb. 
org/gsea/msigdb/; extracted from the C2 collection). The IL-2 sig-
naling score was extracted from Reactome under the “REAC-
TOME_INTERLEUKIN_2_SIGNALING” name. SAVER-imputed 
expression values were used for these scores. Each score is equal to 
the mean expression value of all the genes within each respective 
gene set for each cell. The ratio of OXPHOS to aerobic glycolysis 
was calculated by dividing the OXPHOS score by the aerobic gly-
colysis score for each cell. 

Data availability 
All processed and deidentified single-cell data from the 

neoadjuvant-treated human samples are available in the Gene Ex-
pression Omnibus with accession number GSE280232. All data 
needed to evaluate the conclusions are present in the article or the 
Supplementary Materials. Additional information or data can be 
obtained by contacting the corresponding authors. Scripts to re-
produce the analyses used in this study are available at https:// 
github.com/BKI-immuno/neoantigen-specific-T-cells-NSCLC. 

Results 
Clinical features and outcomes of resectable KRASmut lung 
cancers treated with neoadjuvant ICB 

Our clinical study cohort included 61 patients who received 
neoadjuvant ICB-based therapies as part of a phase I/II, multiarm, 
clinical trial (NCT02259621). Patients received either nivolumab 
monotherapy (n ¼ 37), nivolumab plus ipilimumab (n ¼ 9), or 
nivolumab with platinum doublet chemotherapy (n ¼ 15) prior to 
surgical resection (Supplementary Fig. S1A). The median age at 
study enrollment was 67 years, and 55 patients (90.2%) had current 
or prior smoking history. Forty-three tumors were of nonsquamous 
histology (71%). Nearly half of patients (n ¼ 29) had stage III dis-
ease. A positive PD-L1 expression level by IHC was noted in 48% of 

patients on pretreatment specimens, whereas 16 patient tumor 
samples did not have available baseline PD-L1 results. 

Pretreatment genomic sequencing data were available for 52 pa-
tients (Table 1; Supplementary Table S1; Supplementary Fig. S1B), 
21 (40.4%) of whom were found to harbor a mutation in the KRAS 
gene, which is consistent with prior reports of the frequency of 
KRAS mutations in metastatic lung cancers (17). In total, there were 
14 tumors that harbored a KRAS mutation without detection of an 
STK11 co-mutation (KRASmut/STK11wt) and seven tumors with 
mutations in both KRAS and STK11 (KRASmut/STK11mut). Further 
demographic and genomic details for the full cohort (n ¼ 61) and 
the subset of KRAS-mutant patients (n ¼ 21) are noted in Table 1 
and Supplementary Table S1. 

The rates of pCR and MPR for KRASwt tumors were 14% and 
45%, respectively, with a definitive resection rate of 93.5%. For the 
KRASmut cohort (n ¼ 21), the rates of pCR and MPR were 6% and 
22%, respectively. There was a trend toward a higher rate of MPR 
in KRASwt than KRASmut tumors; however, this did not reach 
statistical significance (Supplementary Fig. S2A; 22% vs. 45%; 
P ¼ 0.135). In total, 18 KRASmut tumors were surgically resected 
(definitive resection rate of 85.7%). The three patients who did 
not undergo surgical resection were found to have primary dis-
ease progression prior to or at surgery, leading to termination of 
attempted definitive resection, and were therefore excluded from 
our formal calculation of pathologic response. In this limited 
sized cohort, there was no statistical difference in the rate of MPR 
between the STK11wt (25%) and STK11mut (17%) KRASmut tumors 
that were surgically resected (Fig. 1A; P ¼ 1.0). However, it is 
worth noting that of the patients with primary progression of 
their KRASmut disease, two of these tumors were KEAP1 mutated 
and the third harbored an STK11 mutation (Supplementary Table 
S1), suggesting that these co-mutations may indeed mark ag-
gressive primary tumors that are resistant to neoadjuvant ICB and 
have high metastatic potential. In alignment with this observa-
tion, using 50% residual viable tumor as an alternative cutoff 
value for meaningful pathologic response—which has been uti-
lized in other solid tumor malignancies (18)—there is a trend 
toward weaker pathologic response in the KRASmut/STK11mut 

(17%) versus the KRASmut/STK11wt (50%) subcohorts (Supple-
mentary Fig. S2B; P ¼ 0.32). A subsequent assessment of patho-
logic response, including patients with primary progression, 
revealed pCR rates of 13%, and 5% for our KRASwt (n ¼ 31) and 
KRASmut (n ¼ 21) cohorts, respectively (Supplementary Fig. S2C; 
P ¼ 0.64). Examining the impact of treatment type on pathologic 
response, there was no significant differences noted in MPR or 
pCR across resected patients in our full cohort (MPR, P ¼ 0.71; 
pCR P ¼ 0.25) or KRASmut cohort (MPR, P ¼ 0.62; pCR, P ¼ 0.17; 
Supplementary Table S2). 

At the time of this analysis, the median follow-up time was 
30.4 months (95% CI, 15.5–59.4) for the 21 patients with KRASmut 

disease. Of the 14 KRASmut/STK11wt tumors, 2 harbored co- 
mutations with KEAP1. Both of these patients experienced primary 
progression of their disease and died within 1 year of their surgery 
(Fig. 1C). There were two additional recurrence events in the KRASmut/ 
STK11wt subcohort, both intracranial and occurring >12 months from 
surgery (14.5 and 27 months, respectively). In comparison, for 
the seven patients who had KRASmut/STK11mut disease, one 
patient had primary progression precluding surgery, and four 
had recurrence of their disease (two intracranial and two in-
trathoracic recurrences). The time to recurrence for these four 
patients was 1.9, 6.5, 14.0, and 16.0 months from surgery. Of 
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note, there was one KRASmut/STK11mut tumor with PD-L1 <1% 
expression and co-occurring BAP1 alteration with an MPR after 
neoadjuvant chemoimmunotherapy. Despite this significant 
pathologic regression of their tumor, this patient had recurrence 
as stated above (14 months after surgery). 

For these 21 patients, the 5-year RFS and OS rates were 58% and 
85%, respectively (Supplementary Figs. S1D and S2D). Recurrence 
risk was comparable regardless of KRAS mutation status (HR ¼ 1.0; 
95% CI, 0.37–2.71; P ¼ 0.993; Fig. 1D), type of KRAS mutation 
(G12C vs. non-G12C; HR 2.74; 95% CI, 0.55–13.71; P ¼ 0.22, Sup-
plementary Fig. S2E), or TP53 co-mutation status (HR ¼ 0.9; 95% CI, 
0.18–4.55; P ¼ 0.897, Supplementary Fig. S2F). However, a divergence 
in recurrence outcomes was noted within the KRASmut subcohort, 
with a significantly higher risk of recurrence in the presence of STK11 
co-mutation (HR ¼ 7.09; 95% CI, 1.25–40.1; P ¼ 0.027; Fig. 1E), with 
a median RFS of 14.03 months for KRASmut/STK11mut tumors, and 
the median RFS for KRASmut/STK11wt tumors not reached. A similar 
signal was also noted based on STK11 mutation status regardless of 
KRAS mutation status (HR ¼ 3.3; 95% CI, 1.11–9.76; P ¼ 0.031; 

Supplementary Fig. S2G); however, it is worth noting that only two of 
these tumors were KRASwt (Supplementary Table S1). 

CD8+ TILs from KRASmut/STK11mut tumors are transcriptionally 
distinct 

We previously detected a high frequency of neoantigen-specific TILs 
in one of these KRASmut/STK11mut tumors that did not achieve MPR 
(patient MD043-011; ref. 11). Although anecdotal, this finding dem-
onstrated that tumor-reactive TILs can be generated in patients with 
ICB-resistant KRASmut/STK11mut lung tumors. We therefore hypothe-
sized that it is the quality, rather than the quantity, of the TILs that 
permits earlier relapse in these patients. To therefore better understand 
the immunologic underpinnings of the increased risk of recurrence in 
patients with KRASmut/STK11mut tumors, we performed single-cell TCR 
sequencing (TCR-seq)/RNA-seq on biospecimens from six patients 
with KRASmut/STK11mut disease and seven patients with KRASmut/ 
STK11wt disease treated with neoadjuvant ICB (Fig. 2A). All KRASmut/ 
STK11mut tumors were confirmed to have functionally and/or clinically 
relevant STK11 mutations (Supplementary Table S1; ref. 19). Treatment 

Table 1. Summary of demographic data, neoadjuvant treatment, and surgical outcomes for all subjects (n ¼ 61) and patients with 
KRAS-mutant disease (n ¼ 21). 

Characteristic All patients (n = 61) KRAS-mutant cohort (n = 21) 

Median age at enrollment—years (range) 67 (44–84) 62 (50–78) 
Female—number (%) 29 (47.5%) 13 (61.9%) 
Current/former smoker—number (%) 55 (90.2%) 21 (100%) 
Never smoker—number (%) 6 (9.8%) 0 (0%) 
Histology—number (%) 

Adenocarcinoma 40 (65.6%) 19 (90.5%) 
Squamous cell carcinoma 18 (29.5%) 2 (9.5%) 
Other histologya 3 (4.9%) 0 (0%) 

Stageb—number (%) 
I 6 (9.8%) 1 (4.8%) 
II 26 (42.6%) 11 (52.4%) 
III 29 (47.5%) 9 (42.9%) 

Treatment type—number (%) 
Nivo monotherapy 37 (60.7%) 9 (42.9%) 
Nivo plus ipilimumab 9 (14.8%) 5 (23.8%) 
Nivo plus chemotherapy 15 (24.6%) 7 (33.3%) 

Surgical outcomes—number (%) 
Underwent definitive resection 56 (91.8%) 18 (85.7%) 
Primary progression of disease 5 (8.2%) 3 (14.3%) 

Adjuvant therapy—number (%) 
Yes 18 (29.5%) 7 (33.3%) 
No 43 (70.5%) 14 (66.7% 

Pretreatment PD-L1 expressionc—number (%) 
PD-L1 <1% 22 (36.1%) 8 (38.1%) 
PD-L1 ≥1% 29 (47.5%) 9 (42.6%) 
Not available 10 (16.4%) 4 (19.1%) 

Baseline genomic sequencing available—number (%) N ¼ 52d 

KRASG12c 6 (11.5%) 6 (28.6%) 
KRAS non-G12ce 15 (28.9%) 15 (71.4%) 
STK11 mutant 10 (19.2%) 7 (33.3%) 
KEAP1 mutant 5 (9.6%) 2 (9.5%) 
TP53 mutant 30 (57.7%) 11 (52.4%) 

Abbreviation: Nivo, nivolumab. 
aOther histologic diagnoses included pleomorphic and adenosquamous carcinomas. 
bClinical staging was per American Joint Committee on Cancer tumor–node–metastases seventh edition. 
cOn the basis of pretreatment tumor PD-L1 expression (TPS <1% vs. ≥1%). There were 10 patients whose pretreatment PD-L1 assessment was not available. 
dFifty-two subjects with available baseline genomic sequencing. 
eKRAS non-G12c mutations in this analysis included KRASG12V, KRASQ61H, KRASG12D, KRASG12A, KRASG12F, and KRASG13C. 
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Figure 1. 
Pathologic and clinical outcomes of patients with KRAS-mutant NSCLC treated with neoadjuvant ICB. A, Bar graph presenting the MPR rate for patients with 
KRAS-mutant disease, based on co-mutation status with STK11. The MPR rate for the whole KRAS-mutant cohort is also included as a dotted line for reference 
and comparison. B, Waterfall plot depicting percent pathologic regression of primary tumor for our KRAS-mutant cohort that underwent definitive resection, 
determined by baseline genomic sequencing prior to neoadjuvant ICB. Therefore, two patients with KRASmut/STK11wt disease and one patient with KRASmut/ 
STK11mut disease were not included as they had primary progression precluding definitive resection. C, Swimmer plot summarizing treatment type and clinical 
outcomes for all patients with KRAS-mutant disease divided by the presence or absence of co-occurring STK11 mutation. Patients with primary progression of 
disease are denoted in this figure, as well as KEAP1 mutation status. Ipi, ipilimumab; Nivo, nivolumab. D, Kaplan–Meier curves depicting recurrence-free survival 
for patients based on KRAS mutation status. E, Kaplan–Meier curves depicting recurrence-free survival for the KRAS-mutant cohort based on co-mutation status 
with STK11. 
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type was evenly distributed among these 13 patients, with 4 receiving 
nivolumab monotherapy, 4 receiving nivolumab and ipilimumab, and 
5 receiving nivolumab plus chemotherapy. Single-cell TCR-seq/RNA- 
seq was reported previously for KRASmut/STK11mut patient MD043-011 
who was treated with neoadjuvant nivolumab monotherapy (11). 

CD8+ T-cell clustering was performed on tumor (n ¼ 13) and 
adjacent normal lung (n ¼ 8). Following rigorous quality control to 
remove low-quality cells, transcriptomic profiles were defined for 
92,525 CD8+ T cells that formed 14 unique clusters (Fig. 2A; Sup-
plementary Table S3). Clusters were annotated based on previously 
defined T-cell states. The top cluster defining genes and localization of 
expression within gene overlays were both used in cell-type assign-
ment (Fig. 2C). The tissue-resident memory (TRM) subsets were 
assigned based on high expression of ZNF683 (HOBIT) and ITGAE 
(CD103; Fig. 2B). These TRM clusters also had notable expression of 
EOMES and several granzymes and intermediate expression of 
KLRG1 and CXCR3. Additionally, we observed a terminally dys-
functional TRM subset co-expressing multiple T-cell checkpoints, 
CD39, and CXCL13 (Fig. 2B), all of which we had shown previously 
to be upregulated in validated neoantigen-specific CD8 T cells (11). 
Interestingly, there were similar proportions of CD8+ TIL subsets 
between the two subgroups (Supplementary Fig. S3). 

We next performed PCA on cluster-level pseudobulk gene expression 
profiles of tumor samples. CD8+ TILs from KRASmut/STK11mut tumors 
were markedly transcriptionally distinct from CD8+ TILs from KRASmut/ 
STK11wt tumors (canonical correlation ¼ 0.935, P < 1e–4; Fig. 2D). 

CD8+ TILs from co-mutated tumors exhibit features of 
terminal dysfunction 

To identify distinct transcriptional programs based on co-mutation 
status, we performed differential gene expression analyses on all CD8+ 

TILs using SAVER-imputed expression values (20). Paradoxically, de-
spite their clinically inferior response to neoadjuvant ICB, we found 
that CD8+ TILs from KRASmut/STK11mut tumors were enriched in 
multiple molecules canonically associated with effector function, spe-
cifically GNLY, GZMA, PRF1, GZMB, GZMH, CCL5 (RANTES), and 
NKG7 (Fig. 3A and B; Supplementary Table S4). However, more 
granular studies have identified a high degree of overlap between ca-
nonical markers of cytotoxic T cells and markers of T-cell dysfunction, 
or “exhaustion.” GZMA, GZMB, PRF1, and CCL5 when co-expressed 
with high levels of known T-cell checkpoints, such as HAVCR2 (TIM- 
3) and LAG3, mark terminally dysfunctional CD8+ TILs (21). Indeed, 
CD8+ TILs from KRASmut/STK11mut tumors more highly expressed 
checkpoints and molecules reflective of T-cell dysfunction (22), in-
cluding ENTPD1 (CD39), HAVCR2 (TIM-3), LAG3, and TOX, as well 
as TOX2 (P < 2.22e–16 for all; Fig. 3C–E; Supplementary Fig. S4), 
which we have previously shown is highly expressed on tumor-reactive 
TILs from ICB-nonresponsive tumors (17), suggesting that this may be 
a more specific marker for dysfunctional tumor-reactive TILs than TOX 
(23, 24). Consistent with these findings, CD8+ TILs from KRASmut/ 
STK11mut tumors had higher immune checkpoint (comprised of PD-1, 
TIM-3, LAG3, CTLA4, and CD39; P < 2.22e–16) and cytotoxicity 
(P < 2.22e–16) scores, whereas those from KRASmut/STK11wt tumors 
had a higher memory score (P < 2.22e–16; Supplementary Fig. S4; refs. 
11, 15). ITGAE (CD103) and ZNF683 (HOBIT), the canonical markers 
of tissue residence, were highly enriched in CD8+ TILs from co-mutant 
tumors (P < 2.22e–16 and P < 2.22e–16, respectively; Fig. 3F), and 
CD63 was among the top differential genes in TILs from KRASmut/ 
STK11mut tumors, suggestive of a state of sustained T-cell activation 
associated with prolonged antigen exposure within the tumor in the 
absence of appropriate co-stimulatory signals that maintain productive 

function (Fig. 3A; Supplementary Table S4; ref. 25). Consistent with 
this notion, IL-7R, which maintains memory cell viability, is signifi-
cantly more lowly expressed in TILs from KRASmut/STK11mut tumors 
relative to TILs from KRASmut/STK11wt tumors (Fig. 3G). These 
findings implicate a more dysfunctional T-cell phenotype associated 
with chronic antigen stimulation in KRASmut/STK11mut tumors. 

PGE2 signaling pathways are upregulated in CD8+ TILs from 
KRASmut/STK11wt tumors 

In contrast, CD8+ TILs from KRASmut/STK11wt tumors were 
enriched in NR4A3 (Fig. 3A and B; Supplementary Table S4), a 
transcription factor that is routinely associated with differentiation of 
short-lived effector cells (26–28), is upregulated within 1 to 3 hours 
after TCR stimulation (29), and, notably, has been shown to bind 
prostaglandins (30). Consistent with the upregulation of NR4A3, 
several additional genes associated with prostaglandin signaling were 
among the top differentially expressed genes in CD8+ TIL from 
STK11wt tumors, including TENT5C, CREM, and FOSL2 (Fig. 3A and 
B; Supplementary Table S4; ref. 31). PTGER4, which encodes the 
PGE2 receptor EP4 and has been extensively shown to initiate T-cell 
immunosuppression, was also among these genes. The higher 
PTGER4 expression in the KRASmut/STK11wt cohort was consistent 
across patients (Fig. 3H). Expression of PTGER2, another immuno-
suppressive PGE2 receptor, was significantly higher in TILs from 
KRASmut/STK11wt tumors (Fig. 3H; P < 2.22e–16). Absolute expres-
sion of the immunostimulatory PGE2 receptors PTGER1 and 
PTGER3 in both cohorts was very low (Supplementary Fig. S4). To 
further support an increase in PGE2 signaling in CD8+ TILs from 
KRASmut/STK11wt tumors, PDE7A, an intracellular messenger for 
PGE2, was also upregulated (Supplementary Fig. S4; P < 2.22e–16), as 
were SYTL3 and DDIT4, which were both highly upregulated in 
T cells stimulated ex vivo with PGE2 (P < 2.22e–16 for both; ref. 31). 

Owing to the highly paradoxical nature of the observation that pa-
tients with KRASmut/STK11wt tumors (i.e., more favorable clinical out-
come) had evidence of more PGE2 signaling in CD8+ TILs, we queried 
molecules downstream of PGE2 signaling in single-cell TCR-seq/RNA- 
seq data from our previously published cohort of KRASwt lung cancers 
treated with neoadjuvant PD-1 blockade (11) and indeed detected higher 
levels of CREM, FOSL2, PTGER4, and NR4A3 in patients that did not 
have disease recurrence (P < 2.22e–16 for all; Supplementary Fig. S5), 
suggesting that PGE2 signaling pathways in CD8+ TILs may actually be 
beneficial for the immunotherapy response in general. 

Work by Villa and colleagues (32) showed that signaling through 
EP4 initiates mitophagy, resulting in reduced mitochondrial mass, 
membrane potential, metabolic fitness, and, consequently, T-cell lon-
gevity. We therefore hypothesized that the reduction in mitochondrial 
mass associated with EP4 signaling would be accompanied by reduced 
OXPHOS in TILs from KRASmut/STK11wt tumors. Indeed, expression 
of an OXPHOS gene signature (16) was downregulated (Fig. 3I and J; 
Supplementary Fig. S6; P < 2.22e�16). This OXPHOS signature was 
also higher in tumors relative to the adjacent normal lung from the 
same patients in our KRASmut/STK11mut (P < 2.22e–16) and KRASmut/ 
STK11wt (P < 2.22e–16) cohorts (Supplementary Fig. S4). 

PGE2 is also known to dampen intratumoral T-cell responses via 
IL-2 receptor γ chain (IL-2RG) downregulation, thus reducing IL-2 
signaling, but it does not affect the priming of new T cells in tumor- 
draining lymph nodes (31, 33). Indeed, the increase in genes asso-
ciated with PGE2 signaling in TILs from KRASmut/STK11wt tumors 
was accompanied by reduced expression of both IL-2RG (P < 2.22e– 
16) and a gene set associated with IL-2 signaling (P < 2.22e–16; 
Fig. 3K and L). Further supporting this notion, SOCS1, a negative 
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CD8+ TILs from co-mutated lung cancers exhibit features consistent with terminal differentiation and metabolic dysfunction. A, Volcano plot showing differential 
expression of CD8+ TILs between KRASmut/STK11mut tumors (left) and KRASmut/STK11wt tumors (right). Each dot represents one gene. A FDR <0.05 was 
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TILs. C–E, Violin plots for the expression of TIM-3, LAG3, and TOX2 in CD8+ TILs between KRASmut/STK11mut (red) and KRASmut/STK11wt (blue) tumors. 
Comparisons were performed at the individual cell level using the two-sided Wilcoxon rank-sum test. F–H, Violin plots for the expression of key genes associated 
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regulator of IL-2 signaling in T cells (34), and RGCC, which reduces 
IL-2 production and prevents cell-cycle activation (35), were upre-
gulated in TILs from KRASmut/STK11wt tumors (Fig. 3A and B; 
Supplementary Table S4). These cells were also enriched in IL-7R 
expression (P < 2.22e–16), which in murine models is upregulated 
on antitumor memory cells that are critical in preventing tumor 
relapse after immunotherapy or surgical resection (36); TCF7 
(P < 2.22e–16), which is gradually downregulated with increasing 
T-cell dysfunction and decreased proliferative potential (Fig. 3G; 
ref. 37); TBX21 (Tbet), a master transcriptional regulator of cyto-
toxic T-cell responses; and the short-lived effector molecule KLRG1 
(Supplementary Fig. S4; P < 2.22e–16). 

To further test if the differences in PGE2 and IL-2 signaling were 
specific to the KRASmut/STK11mut TME or if they were associated 
with relapse in general, we queried single-cell transcriptomic data 
from KRASwt/STK11wt lung tumors treated as part of the same 
neoadjuvant clinical trial. These data were published previously 
(11). Indeed, tumors that did not relapse had higher expression of 
several molecules associated with PGE2 signaling and suppression 
of IL-2 signaling, including CREM, FOSL2, NR4A3, TENT5C, 
RGCC, and PTGER4, and had a lower IL-2 signaling score (Sup-
plementary Fig. S4). Together, and contrary to conventional view of 
PGE2 as broadly immune inhibitory, these findings suggest that in 
certain settings, such as neoadjuvant ICB treatment, increased ex-
pression of PGE2 signaling pathways and decreased expression of 
IL-2 signaling pathways in CD8+ TILs from KRASmut/STK11wt tu-
mors may enhance productive antitumor immunity. 

Discussion 
In the present study, we investigated the clinical and immunologic 

impacts of STK11 mutations in resectable KRASmut lung cancer 
treated with neoadjuvant ICB and uncovered an unexpected CD8+ 

TIL biology associated with less favorable clinical outcomes in co- 
mutated cancers. In conjunction with the distinct clinical outcomes in 
our KRAS-mutant cohort, we observed a corresponding divergence in 
underlying CD8+ T-cell transcriptional programs based on STK11 co- 
mutation status. Our findings suggest that KRASmut/STK11mut CD8+ 

TILs exhibit a terminally differentiated and dysfunctional phenotype, 
with high expression of ENTPD1 (CD39), TOX2, and several T-cell 
checkpoints, in addition to classical cytotoxicity genes (GZMA, 
GZMB, GZMH, NKG7, and perforin). In contrast, molecules down-
stream of PGE2 signaling and inhibition of IL-2 signaling were no-
tably enriched in KRASmut/STK11wt tumors. 

Although stage IV KRASmut/STK11mut lung cancers are known to 
be less responsive to ICB than KRASmut/STK11wt lung cancers, the 
current study is one of the first to find that patients with KRASmut/ 
STK11mut disease also had significantly higher risk of recurrence after 
neoadjuvant ICB and definitive resection. In this relatively limited 
sized cohort, there was not a statistical difference in the MPR rates 
between the two groups. This apparent discordance between patho-
logic response and RFS may be due to the threshold for “pathologic 
response” used in this trial (≤10% residual viable tumor). Indeed, 
when using an alternative pathologic cut-point of 50%, previously 
termed partial pathologic response in other solid tumor malignancies 
(18), there was a trend toward a higher rate of partial pathologic re-
sponse in the KRASmut/STK11wt subgroup. Nonetheless, a key caveat in 
this relationship between pathologic response and long-term clinical 
outcomes is the assessment of nodal regression, which was not part of 
the pathologic response assessment in this protocol. Previous literature 
has described the additive prognostic value of combining both nodal 

and primary tumor regression statuses in terms of event-free survival 
(38). Taken together, despite evidence showing the prognostic value of 
pCR and MPR cut-points in this setting (39), the optimal pathologic 
regression threshold to predict clinical benefit may require further in-
vestigation, perhaps incorporating additional layers of clinicogenomic 
factors such as underlying molecular characteristics. 

The striking differences in transcriptional programs between 
CD8 TILs from the KRASmut/STK11mut and KRASmut/STK11wt tu-
mors seem at odds with an extensive body of literature supporting 
the T-cell inhibitory impacts of PGE2 signaling through the EP2 and 
EP4 receptors; however, this has not been studied in human bio-
specimens obtained after ICB. This is nonetheless perplexing, owing 
to a prior study showing increased levels of COX-2, which syn-
thesizes PGE2 from arachidonic acid, in STK11-deficient lung 
cancers (40). It is possible that PGE2 signaling in CD8+ TILs from 
KRASmut/STK11wt tumors promotes shorter survival, more rapid 
turnover, and overall reduced time in the chronically immunosti-
mulatory, metabolically stressful TME. Indeed, our expression an-
alyses of tissue residence markers support this hypothesis. It is also 
possible that CD8+ TILs from STK11mut tumors are less sensitive to 
PGE2 as a result of biological or metabolic dysregulation in the 
STK11mut TME. Alternatively, the increase in expression of mole-
cules associated with PGE2 signaling could reflect negative feedback 
inhibition in the STK11mut tumors; however, work by Villa and 
colleagues (32) shows that PTGER4 expression increases upon en-
counter with PGE2, thus making this an unlikely explanation. Al-
though we hypothesized that increased mitochondrial mass and 
lower PGE2 signaling could explain the higher levels of OXPHOS in 
TILs from KRASmut/STK11mut tumors, we cannot eliminate the 
possibility that this is instead resultant from metabolic disruption of 
the TME caused by the STK11 mutation itself (41). 

Accompanying these distinct transcriptional phenotypes, meta-
bolic reprogramming of these T-cell populations was also described, 
whereby CD8+ TILs from KRASmut/STK11mut tumors demonstrated 
high reliance on the OXPHOS pathway. This pattern of high 
OXPHOS CD8+ TIL subsets has been previously associated with 
resistance to ICB in other clinical contexts (42). Previous work has 
also highlighted the increased energetic demands of KRASmut/ 
STK11mut tumors; however, the impact of this on TILs as it relates to 
KRAS/STK11 co-mutation is underexplored. Our work provides an 
intriguing first look into the metabolic disruption of T cells in the 
STK11-deficient TME. Given the appreciation that STK11-mutant 
tumors have a dependence on glutamine metabolism, current efforts 
are exploring the role of glutaminase inhibitors in both STK11- 
altered and KEAP1-altered NSCLC (NCT04250545). Our work, 
along with previously reported findings (41), suggests that this may 
be a rational strategy in KRAS/STK11 co-mutated NSCLC in com-
bination with ICB. With that said, it is surprising that the defining 
genes in TILs from KRASmut/STK11mut tumors were not directly 
related to metabolic dysfunction. In spite of the differences in 
OXPHOS, these genes were not among the top most differentially 
expressed. This raises the possibility that the combination of mu-
tations in KRAS and STK11 promotes downstream modulation of 
PGE2 and, consequently, IL-2 signaling in CD8 TILs that could 
negatively influence their ability to prevent or delay relapse. 

Although preliminary, our exploratory findings suggest that 
T-cell turnover in the KRASmut/STK11wt TME may be beneficial for 
delaying or preventing relapse after neoadjuvant ICB and surgical 
resection. It may be that prolonged tumor residence prevents the 
formation of a highly proliferative stem-like compartment, which 
has been associated with favorable outcomes (21, 43, 44), whereas a 

348 Clin Cancer Res; 31(2) January 15, 2025 CLINICAL CANCER RESEARCH 

Rosner et al. 



higher rate of T-cell turnover and, presumably, T-cell priming 
confers clinical benefit in the context of immunotherapy for lung 
cancer. Future studies should examine the specific impact of in-
creased PGE2 signaling and decreased IL-2 signaling on T-cell 
turnover in the TME as it relates to checkpoint blockade response 
and clinical efficacy, regardless of KRAS or STK11 mutation status. 
It may be that some aspect of the KRASmut/STK11mut TME specif-
ically amplifies inhibition of PGE2 signaling, which will be explored 
in future work. Consistent with this hypothesis, work by Best and 
colleagues (41) showed that efficient glutaminase metabolism, which 
we know is a critical component of STK11-deficient lung tumors, 
promotes activation-induced CD8+ T-cell expansion. Thus, 
uncoupling T-cell “activation” from “dysfunction” and “exhaustion” 
in human cancer will help us better understand the mechanistic 
underpinnings of the observations presented here. 

This study has important limitations to acknowledge, including 
the exploratory nature of this analysis, which is meant to provide a 
new hypothesis for future investigations. The small cohort size and 
heterogeneity in neoadjuvant treatment regimens limit our ability to 
draw definitive conclusions; however, the overall RFS signal from 
this cohort is encouraging. Additionally, limited availability of pa-
tient tissue samples, particularly from patients with KRASwt/ 
STK11mut disease, affects our ability to draw broad conclusions on 
the consequence of STK11 mutation alone on T cells within the 
TME (45). Additionally, our study is unable to determine if the 
transcriptional differences between our genomic subgroups are in-
herent to their respective TME, or if they are the result of check-
point blockade itself. Despite the limited sample size, we show a 
large effect size when comparing the transcriptomic differences 
according to co-mutation status, thus providing a robust foundation 
for future studies to expand on our initial findings. It is also worth 
noting that although we observed large differences in OXPHOS 
gene signatures between TILs from KRASmut/STK11wt and 
KRASmut/STK11mut tumors, detailed functional and mechanistic 
studies are needed to fully understand the functional impacts of 
these transcriptional differences. 

In conclusion, and within the limitations of cohort size, we provide 
an initial analysis of clinical outcomes following neoadjuvant ICB for 
KRASmut NSCLC according to STK11 co-mutation status and show 
evidence of global CD8+ TIL disruption in those tumors harboring 
both mutations. These distinct functional features in KRASmut/ 
STK11mut CD8+ TILs corresponded with higher recurrence risk, 
highlighting the increasing clinical need to offer more personalized 
perioperative strategies based on key genomic subgroups. 
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